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Biosynthesis of myo-inositol involves direct cyclization of Dglucose-6-P to L-myo-inositol-1-P. Conversion of myo-inositol to glucose by reversal of this reaction would require formation of L-myo-inositol-1-P. Formation of myo-inositol-1-P from myoinositol was found in detached corn root tips by J. Dehusses (see ref. 16 ) and the kinase for this reaction has been described (7) but conversion of L-myo-inositol-1-P to D-glucose-6-P by reversal of myo-inositol-1-P synthase could not be demonstrated (21) .
Alternatively, conversion of myo-inositol to glucose could occur after oxidative cleavage of myo-inositol to glucuronate. Indeed, when D_[1-14C]glucurono-6,3-lactone was fed to detached strawberry fruits, significant 14C was recovered in sucrose and xylose (8) . Free -xylose was readily converted to sucrose in the strawberry (17) . Animals also convert myo-inositol to hexose over a pathway known as the glucuronate-xylulose cycle (25) which involves reduction of D-glucuronic acid to L-gulonic acid. Although plant tissues also reduced D-glucuronate and its lactone to L-gulonic acid (8, 18, 20) , L-gulonic acid merely accumulated. When L-[1-14C]-or L- [6-14C] gulono-1,4-lactone was fed to detached strawberry fruits or bean apices, a portion was hydrolyzed to L-gulonic acid but none of the label was found in polysaccharide fractions (2) . It seems unlikely that the glucuronate-xylulose cycle plays a role in the conversion of myo-inositol to hexose in plants.
The present paper examines the metabolic fate of specifically labeled carbohydrates peculiar to the myo-inositol oxidation pathway and to -glucuronate metabolism. Results A preliminary account of portions of this study has appeared (23) .
MATERIALS AND METHODS
Pollen. Anthers of Lilium longiflorum Thumb., cv. Ace (Easter lily) were collected in a commercial greenhouse on the day of anthesis. Anthers were dried in an open, well ventilated area and shaken on 20-mesh screen to recover the pollen which was stored at 4 C as described earlier (4) . Two batches collected in March, 1972 were used in these experiments. Batch A with 50 ± 4% germination was used for uptake studies and batch B with 75 + 5% for isolation of labeled products.
Uptake emergence of pollen tubes, a lapse of 2 hr under the conditions used in these studies (4) . Three hr after suspension of pollen grains in the growth medium, a uniform population of tubes representing most viable pollen grains was obtained.
Conditions for germination were similar to those used previously (4) . In the present study, flasks were agitated on a gyrorotary shaker at 100 rpm and at 28 C, conditions found to be optimal for germination in 3 hr. Reducing the agitation to 50 rpm lowered germination to 65% of the optimal value. Raising the rate to 150 rpm failed to improve germination and increased the likelihood of damage to pollen tubes. Five-mg batches of pollen were allowed to germinate for 3 hr in 1-ml volumes of pentaerythritol medium (4) . At (27) .
Radioactive Measurements. Paper and thin layer chromatograms were scanned for radioactive areas at an efficiency of 20% for 14C and 1% for 3H.
[3H]Water was separated from solutes present in spent medium by sublimation. Soluble sugars and related compounds were dissolved in 1-ml volumes of water in 20-ml glass counting vials and analyzed for radioactivity by the addition of 10 ml of toluene-Triton X-100 counting fluid. Water-insoluble samples were suspended in dioxane-naphthalene counting fluid containing Cab-O-Sil. Vial samples were counted by liquid scintillation at efficiencies of 66% for 14C and 26% for 3H.
RESULTS
myo-[2-14CjInoSitol and myo-[2-3Hjlnositol. At 0.5 mm, this cyclitol was utilized by lily pollen for tube wall pectin biosynthesis at maximal rate (4) . In the present experiments, about 56% of myo-[2-14C]inositol present at this concentration was transported into the pollen tubes in 6 hr and 33% appeared in polysaccharides as represented by the 70% ethyl alcohol-insoluble residue (Table I) Figure 2A . Production of 14CO2 was negligible. Most of the label quickly appeared in 70% ethyl alcohol-insoluble residues in which accumulation proceeded at a linear rate over the entire 6-hr period. At higher concentrations, incorporation into polysaccharides was still rapid but no longer linear (Fig. 2B) (Fig. 3A) , most of it remained in the soluble fraction. Incorporation into pollen tube polysaccharides was very slow, at 6 hr only 4% appeared in the 70% ethyl alcohol-insoluble residue. The time course experiment in Figure 3A was run at 0.5 mm D- [5-3H] galacturonate, the highest value tested in Figure 3B . Presumably, lily pollen would tolerate a much higher concentration of galacturonate had it been tested but it is doubtful that incorporation into polysaccharide would have been greatly increased. (Table I) . This is also seen in radiochromatogram scans of neutral sugars from hydrolysates of pollen tube polysaccharides (Fig. 5) . Over 90% of the label was located in glucose and arabinose. ,ug/ml) are listed in Table I . At the higher level, 49% of the 3H exchanged with water in 6 hr. Another 23% remained in the polysaccharide fraction as glucose (see following paper). To make sure that 3H in the sublimate from the spent medium was [3H]water, the sublimate was diluted 100-fold with water and redistilled at atmospheric pressure. A fraction removed after establishing reflux conditions had 95% of the specific activity of the sublimate. Identity of labeled constituents in the soluble fraction of the pollen was not closely investigated. After chromatography in solvent A, a large radioactive peak remained at the origin. Significant amounts of label were also detected in sucrose, glucose, and fructose. There was no 3H in the xylose region. After enzymic hydrolysis of the polysaccharides, chromatography revealed glucose to be the major labeled sugar (Fig. 7) . Again, no 3H was found in the xylose region. At least 80% of the 3H in the hydrolysate chromatographed as glucose. DISCUSSION These results are consistent with the idea that conversion of myo-inositol to hexose in germinated lily pollen involves the myo-inositol oxidation pathway. The specific steps are outlined in the right hand portion of Figure 8 . The first step, oxidative cleavage of myo-inositol to D-glucuronate, is deduced from results in this and earlier studies on over-all conversion of myoinositol to galacturonosyl and arabinosyl units of pectin. The enzyme catalyzing this reaction, myo-inositol oxygenase, has been purified from oat seedlings (11) but not from pollen. Its presence in lily pollen is inferred from the observation that glucuronate has been identified as the product of myo-inositol metabolism in that tissue (D. B. Dickinson, personal communication). The second step, phosphorylation of D-glucuronate, is catalyzed by a highly specific kinase. Even D-galacturonate is not a substrate of the lily pollen glucuronokinase (14) . The next step, conversion of i-glucuronate-1-P to UDP-D-glucuronate, is catalyzed by an enzyme which has been isolated recently from lily pollen (6) . The enzyme that converts UDP->-glucuronate to UDP-n-xylose, UDP-D-glucuronate carboxy-lyase, has been purified from wheat germ but not from lily pollen. Total 3H in all three fractions is also given (U-*). Data in plot B were gathered after 3 hr of labeling. Conversion of UDP-D-xylose to free D-xylose is implied in these studies but the mechanism is obscure. One possibility is stepwise loss of UMP followed by Pi similar to the mechanism proposed for formation of free D-glucuronate from UDP-Dglucuronate in animals (24) . There is abundant nonspecific phosphodiesterase in germinated lily pollen to catalyze the first of these two steps (5) . To reach the pentose phosphate pathway, i-xylose must be converted to D-xylulose and phosphorylated to i-xylulose-5-P. Both enzymes have been isolated from a variety of plant sources (22, 30) but their presence in lily pollen must still be established. The same comment applies to the commonly accepted steps of pentose phosphate metabolism leading to hexose monophosphate.
ROSENFIELD, FANN, AND LOEWUS
In the over-all conversion of myo- [2-14C] inositol to hexose monophosphate according to the plant scheme in Figure 8 there should be no respiratory loss of 14C until hexose products accumulate and undergo metabolic interconversions leading to loss of carbons 1 and/or 6. The small amount of 14CO2 released in 6 hr (Table I) to hexose with an accompanying exchange of 3H into the medium. In the ripening strawberry, free D-xylose was a prominent product of L-arabinose as well as i-galacturonate metabolism (17, 19) . The possibility of oxidation of D-galacturonate to galactarate was not tested in lily pollen although this conversion was observed in the strawberry.
The facile conversion of L-arabinose to glucosyl as well as arabinosyl units of pollen tube polysaccharides and the substantial release of 14CO2 from L-[1-14C]-and L- [5-14C] arabinoselabeled pollen lend support to the view that this pentose contributes to the general carbon requirements of the growing pollen tube. Under normal conditions of pollination, lily pollen tubes penetrate a pistil-secreted polysaccharidic exudate rich in arabinogalactans that is used to supply the carbohydrate requirements of new tube formation (13) .
When the arabinose concentration of the medium was raised above that level needed to maintain maximal incorporation of arabinosyl units into tube wall polysaccharides, its contribution to hexose products and to respiration increased presumably via epimerization to UDP-xylose and release of free D-xylose (23) .
Unlike myo-inositol, D-glucuronate, and L-arabinose, exogenously administered i-xylose enters the scheme (Fig. 8) (17) are consistent with the plant-mediated pathway from myo-inositol and D-glucuronate to free D-xylose, this pathway does not represent the only possible route to free-> xylose. Theoretically, this pentose may be formed from Dxylulose as an end product of reactions proceeding from Lgulonate (Fig. 8) . The latter is found among products of both myo-inositol and D-glucurono-6,3-lactone metabolism in plants (18) (19) (20) The animal-mediated pathway also includes xylitol as an intermediate (25) . A report on the occurrence of xylitol in plant tissues has appeared (28) . These authors report as much as 935 mg of xylitol/100 g (dry wt) in Italian plum fruits and 258 mg in endive leaves. An attempt to confirm the presence of xylitol in these tissues in this laboratory was unsuccessful (M. W. Loewus, unpublished observation). The Austrian workers used bakers' yeast to remove fermentable sugars. The possibility exists that this treatment may have failed to remove D-xylose and merely reduced it to xylitol (3). Our attempt to confirm Washuttl's finding avoided the yeast fermentation step by using a base-catalyzed oxidation of interfering sugars with Ba(OH)2 prior to gas chromatographic analysis for xylitol. Until a more detailed study of xylitol metabolism in plants appears, its role in the conversion of D-glucuronic acid to D-xylose in plants must be regarded with caution.
